We studied the ability of activated Ha-ras to cooperate with simian virus 40 (SV40) in the transformation of nonestablished rat embryo fibroblasts. Cotransfection with Ha-ras greatly accelerated the rate of focus induction by wild-type SV40. Moreover, a series of transformation-defective SV40 mutants could be partially complemented by Ha-ras. This was true not only for mutants retaining an intact N-terminal immortalizationcompetent domain, but also for a nonkaryophilic SV40 mutant. In the latter case, all detectable T antigen was cytoplasmic, indicating that efficient transformation can be achieved through the interaction of two nonnuclear proteins. By employing cell lines derived with various SV40 mutants, it was determined that the ability to complex with p53 depends on the integrity of a relatively large region in the C-terminal half of large T. Finally, we report that nonkaryophilic SV40 large T forms a complex with the major heat shock protein HSP70, and we discuss its possible implications.
Neoplastic transformation of nonestablished rodent cells, induced by transfection of nonreplicating plasmids, usually requires the introduction of more than a single oncogene (16, 17, 29, 37) . On the basis of their ability to cooperate with each other in the transformation of low-passage rat embryonic fibroblasts (REF) , two functional classes of oncogenes have been tentatively defined (37) . It was suggested that, at least in this in vitro system, full transformation requires the cointroduction of a nuclear-acting oncogene and a cytoplasmic-acting oncogene. By employing the primary REF transformation assay, numerous oncogenes of both viral and cellular origin could be placed in one of the two complementation groups (37) . The simian virus 40 (SV40) large T antigen, however, constituted a clear exception, as it can elicit full transformation without need for any complementing oncogene (37) . This behavior of SV40 large T appeared to be related to the fact that although it is predominantly a nuclear protein, a small but significant fraction of it is associated with the plasma membrane (10, 30) . Thus, large T could be regarded as a pleiotropic oncogene performing a number of functions, each of which is usually confined to a different cellular oncogene product.
One way of determining whether SV40 large T indeed carries distinct activities typical of the two complementation classes is to take advantage of transformation-defective SV40 mutants. In a previous study, we demonstrated that a particular SV40 mutant, F8dl, could be partially complemented by p53, which belongs to the nuclear, "immortalizing" group of oncogenes (23) . F8dl encodes two types of truncated large-T molecules: a 34-kilodalton (kDa) species, localized in nuclei and cell membranes, and a group of smaller (20-to forms found in the cytoplasm (34) . To further define the activities contributed by various domains of large T, we tested a battery of SV40 deletion mutants for complementation with activated Ha-ras, a cytoplasmicacting oncogene.
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The various mutants used are diagrammed in Fig. 1 ; all of them have been previously described (5, 6, 28, 32) . Indicated on top is the position of the nuclear transport signal (13, 19) . DNA of each mutant was cotransfected with plasmid pEJ6.6, specifying activated human Ha-ras (31), into thirdor fourth-passage REF in 90-mm dishes, as previously described (4, 23) . All mutants except d1536, which contains the largest deletion, effectively elicited transformed foci ( Table 1) . The foci became visible within 9 to 12 days and grew very rapidly thereafter. The cells had a grossly altered morphology reminiscent of that observed in similar experiments employing myc or p53 together with Ha-ras, although the latter were usually larger and more slowly growing (data not shown).
Cotransfection with Ha-ras also had a marked effect on the transforming potential of wild-type (wt) SV40, resulting in a greatly accelerated rate of focus appearance. In fact, wt SV40 plus Ha-ras foci grew slightly faster than those induced by ras plus any of the SV40 mutants and were detectable after 8 days. On the other hand, foci elicited by wt SV40 alone appeared only after about 3 weeks.
In the experiments presented in Table 1 the amounts of DNA employed were rather high and could well be above the saturation threshold of the system. Hence, the numerical values obtained may not necessarily reflect the true relative transforming potential of each DNA combination. To address this issue, we performed a dose-response experiment in which increasing amounts of SV40 DNA were mixed with a constant amount of Ha-ras DNA. The results (Table 2) demonstrated that with wt SV40, saturation levels of DNA could indeed be easily reached. This was clearly not the case for the two mutants. Thus, when tested in a linear response range, wt DNA was at least 10 times more efficient than that of the mutants in the induction of REF foci in concert with activated Ha-ras. Furthermore, pACTSV appeared somewhat more efficient than d11001 in this assay.
Most of the mutants used in this study still possessed the nuclear transport signal (13, 19) sufficient for targeting proteins into the nucleus (7, 20) . Hence, the truncated large-T species encoded by such mutants are probably nuclear, and as such their ability to collaborate with the cytoplasmic Ha-ras product is not surprising. Less expected was the ability of the mutant pACTSV (CTSV in Fig. 1 ) to complement Ha-ras, as this mutant should direct the synthesis of a cytoplasmic T antigen (5, 6) . Therefore, it was important to rule out the possibility that the foci were due to the ability of pACTSV large T to become nuclear under the experimental conditions employed, as was reported for another nonkaryophilic mutant (19) . To that end, CTSVR-5, a cell line derived from a focus elicited by pACTSV plus Ha-ras, was analyzed by indirect immunofluorescence employing an anti-large-T monoclonal antibody. The protein was indeed detectable exclusively in the cytoplasm (Fig. 2) . On the other hand, cells transformed by Ha-ras plus either wt SV40 or dll001 exhibited a predominantly nuclear staining, as expected. We next sought to demonstrate the production of the appropriate truncated large-T species in the respective cotransformants. Five randomly chosen lines of each plasmid combination were analyzed by immunoprecipitation with monoclonal antibodies (9) and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (23) . The analysis of a representative line from each group is shown in Fig. 4 ; the results obtained with the four other lines of each group were essentially identical, although levels of truncated large T varied from line to line (data not shown). In all cases, correctly sized truncated large T could be visible (T); in some cases, such as 1055 R-3, the levels produced were rather low (band is indicated by arrow). In addition, we could detect in many cases a prominent smaller band of 33 kDa whose nature is still unclear.
One of the distinct features of SV40 large T is its ability to form a specific complex with p53 (18, 21, 22) . This complex is correlated with a marked increase in the half-life of p53 (24) and may be important for the transformation of nonestablished cells by wt SV40 (23) . Although various studies described SV40 mutants which fail to bind p53, the region in large T required for p53 binding has not been precisely determined. The experiments described above resulted in the establishment of stable cell lines expressing various species of large T with defined deletions. Consequently, one could ask which species still possessed the ability to bind p53. Formation of a stable complex should be reflected in Fig. 4 by the ability of anti-large-T monoclonal antibodies (T) to coprecipitate p53 and by that of anti-p53 monoclonal antibodies (P) to bring down large T. As seen in Fig. 4 , complex formation could be observed only with d11135 and pACTSV, both of which carry deletions in the N-terminal half of the molecule (Fig. 1) . All other mutants, carrying deletions in the C-terminal half, failed to form a stable complex. This was true also for mutants possessing totally nonoverlapping deletions, such as dl1047 and d11061 (Fig. 1) . Thus, the integrity of more than a single short stretch of amino acids is required for efficient binding of p53 by SV40 large T antigen.
It is still possible that p53-T binding involves two contact points in large T, one at about nucleotide position 3600 (defined by d11055) and one at about 3000 (defined by dl1061). It is equally likely, however, that the integrity of the entire C-terminal domain is necessary for complex formation. This could be the case, for instance, if binding is dependent on a particular conformation of large T, which is destroyed by each of the individual deletions studied here. Analysis of additional mutants with nonoverlapping small lesions in the C-terminal domain is necessary to resolve this issue.
In addition to mutant large T and p53, immunoprecipitates J. VIROL. (23) with the following antibodies: T, PAb419, anti-SV40 T antigen; T', PAb412, anti-SV40 large T; P, PAb421, anti-p53; C, control hybridoma culture medium. Each line was established from an individual focus derived by cotransfection with pEJ6.6 plus the SV40 mutant indicated by the first four letters of its name (see Fig. 1 ). Proteins were analyzed on a 12.5% sodium dodecyl sulfate-polyacrylamide gel. Gels were fluorographed and exposed 1 and 2) . The resulting supernatant was divided into three equal parts which were reacted with either PAb419 (lane 3), PAb421 (lane 4), or control hybridoma culture medium (lane 5). Proteins were resolved on a 12.5% sodium dodecyl sulfate-polyacrylamide gel, followed by autoradiography. The right lanes display the positions of radiolabeled molecular weight markers.
from a pACTSV-plus-Ha-ras-derived line displayed another prominent band of 70 kDa, tentatively designated p70 ( Fig.  4 ; CTSVR-5). This band was reproducibly seen both with anti-p53 antibodies (P) and with two different anti-large-T monoclonal antibodies (T and T'). Potentially, p70 could represent either a breakdown product of the mutant large T or else a distinct polypeptide found in complex with either large T, p53, or both. We had previously demonstrated that p53 could form a complex with HSP70, a major heat shock protein (27) . It was therefore of interest to determine whether p70 was indeed identical with HSP70. A cell extract was prepared from CTSV-5 cells and reacted with anti-large-T monoclonal antibodies, and the immunoprecipitate was subjected to two-dimensional gel electrophoresis (Fig. 5C ).
To identify the position of HSP70, we analyzed in parallel whole-cell extracts from Rat-1 cells, either untreated (Fig.  5A ) or incubated with a concentration of CdCl2 which efficiently induces the heat shock proteins (Fig. 5B ). The two major nuclear heat shock proteins, HSP68 and HSP70, are clearly identifiable (Fig. SB) . Comparison of panels C and B of Fig. 5 demonstrates that the 70-kDa band coprecipitating with large T indeed exactly comigrated with HSP70 (see also reference 27 (Fig. 4) has a mobility similar to that of the cytoplasmic large T, and the same is true for a minor spot of about 70 kDa (Fig. SC) . These may therefore be proteolytic cleavage products of the larger molecule. As p53 is known to associate with HSP70 (27; Michalovitz et al., in press), the presence of HSP70 in the immunoprecipitate could reflect a triple complex: large T-p53-HSP70. However, the amount of HSP70 brought down with antilarge-T antibodies was higher than that precipitated with anti-p53 (Fig. 4 , compare lanes T and P), suggesting that HSP70 might be associated with the nonkaryophilic large T in a dual complex not containing p53. Therefore, a CTSVR-5 extract was subjected to two rounds of precipitation with PAb421, an anti-p53 monoclonal antibody (Fig. 6, lanes 1 and 2). The supernatant, effectively depleted of p53 (Fig. 6,   lane 4) , was then reacted with PAb419, an anti-large-T monoclonal antibody. This brought down a prominent large-T band (Fig. 6, lane 3) , as well as the majority of associated HSP70. The coprecipitation of CTSVR-5 large T and HSP70 in the absence of p53 clearly demonstrates that the two former proteins can directly interact with each other, which does not seem to be the case for wt nuclear large T (Michalovitz et al., in press).
The data presented above demonstrate the ability of different SV40 large-T mutants to complement activated Ha-ras in the transformation of REF.
That nuclear-signalcontaining mutants cooperate with Ha-ras is not surprising, as the N-terminal 40% of SV40 large T is in itself sufficient to efficiently immortalize nonestablished rodent cells (1, 33) . Similarly, the ability of Ha-ras to markedly potentiate transformation by wt large T is in line with recent reports indicating that the latter protein is much more effective in immortalization than in transformation (11, 12) . Thus, lower levels of large T appear to be sufficient for immortalization than are required for full transformation (11, 12, 15) . One may therefore predict that cell lines transformed by wt SV40 alone would often exhibit higher levels of large T than those transformed by wt SV40 plus Ha-ras; this still has to be tested. A somewhat surprising result was the pronounced ability of pACTSV, a nonkaryophilic large-T mutant, to cooperate with Ha-ras. Although we could still have missed a very minor nuclear subfraction in the corresponding cell lines (Fig. 2) , it is unlikely that this could account for the ability of pACTSV to consistently yield higher numbers of foci (with Ha-ras) than most of the nuclear-transport-signal-containing mutants. Thus, transformation of REF does not necessarily depend on the presence of an activated oncoprotein within the nucleus.
While this manuscript was in preparation, Vass-Marengo et al. (35) (19) , is a less tight mutant than pACTSV, which contains a deletion of 43 amino acids (6) . In fact, we never observed any transformation of REF with pACTSV, whereas in our hands (CT)-3 did result in low levels of transformation (M. Oren, unpublished data). Furthermore, Vass-Marengo et al. used an in vivo tumorigenicity assay, which incorporates different environmental factors than does the REF assay. Yet, both studies reached the same conclusion, namely, that two nonnuclear oncoproteins can still provide very different functions and efficiently complement one another.
Finally, we demonstrated that in cells producing a nonkaryophilic large T, this protein forms a complex with HSP70, a major heat shock protein. Although HSP70 is considered a nuclear protein (2) , it displays a tight associa-NOTES 2653 tion with the nucleus only after a heat shock, whereas at 37°C much of it is localized in the cytoplasm (25, 38) and may thus be available for interaction with the mutant large T. The ability to form a complex with HSP70 appears to be correlated with the aberrant cytoplasmic location of this T-antigen species, as neither wt large T (Michalovitz et al., in press) nor any of the nuclear-signal-containing mutants (Fig. 4) possesses it. We have previously demonstrated that aberrantly overproduced p53 can also form a tight complex with HSP70 (27) . Walter and co-workers (8, 14) have reported that transformation-defective variants of polyomavirus middle T, but not wt middle T, form a tight interaction with a 72-kDa protein which has recently been identified as HSP70 (36) . We therefore suggest that HSP70 can specifically bind aberrantly expressed or misplaced oncogene products, while their normally expressed wt counterparts may be targeted to a cellular compartment where they are not available for interaction with the heat shock protein. Such a suggestion has also recently been made by Pelham (26) . We are currently trying to find out whether this interaction can affect the stability of such oncogene products, at least some of which are normally very short-lived proteins.
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